Abstract: Silica nanoparticles (SiO 2 NPs) have been shown to exert cytotoxic effects in hepatocytes and to cause liver injury. In the liver, Kupffer cells (KCs), as the resident macrophages, play an important role in the normal physiology and homeostasis of the liver. Nevertheless, few studies have attempted to clarify the role of KCs in hepatic injury induced by SiO 2 NPs. In this study, we treated Buffalo rat liver (BRL) cells with the supernatants of SiO 2 NP-stimulated KCs to determine KC-mediated hepatotoxicity and its underlying preliminary mechanism. We also examined the response of KCs and liver injury in vivo after the administration of SiO 2 NPs. The results showed that KCs stimulated by SiO 2 NPs release large amounts of reactive oxygen species, tumor necrosis factor-α and nitric oxide. After BRL cells were cultured with the supernatants of SiO 2 NP-stimulated KCs, the viability of BRL cells was reduced, and increases in aspartate aminotransferase and lactate dehydrogenase leakage were observed. Exposure to SiO 2 NPs in vivo caused KC hyperplasia, hepatic inflammation, and oxidative stress, which led to changes in the biochemical composition of the liver. These data suggest that SiO 2 NPs activate KCs to mediate hepatic injury and that the preliminary mechanism involves the release of bioactive substances from KCs.
Introduction
Silica nanoparticles (SiO 2 NPs), as one of the most popular nanomaterials, have been intensively investigated for their application in biomedical fields, for example as drug carriers, 1 for gene therapy, 2 and in molecular imaging. 3 Together with these investigations, their potential side effects on human health have drawn increasing attention. Recent studies have focused on the toxicology of SiO 2 NPs and have found that SiO 2 NPs can cause harmful biological responses in diverse organs. [4] [5] [6] [7] [8] [9] The liver, as the major organ for the biotransformation of toxins, is a primary target organ for nanoparticles.
by KCs in the liver after intravenous injection. 22 In addition to phagocytosis of particles, KCs are reported to contribute to the formation of silicotic nodules in the liver. 23 These studies indicate that KCs may play a certain role in hepatic injury induced by SiO 2 NPs, but the mechanism is still unclear. However, KCs are located in the hepatic sinusoids and lie in between or on top of endothelial cells, so how do they affect hepatocytes? The pathogenesis of hepatic injury resulting from acetaminophen/lipopolysaccharide treatment provides us with some insight into this question. A study has demonstrated that acetaminophen activates KCs to form reactive oxygen species (ROS) and nitric oxide (NO), which contribute to hepatotoxicity. 24 Furthermore, a previous study has shown that KCs participate in monocrotaline/ lipopolysaccharide-induced liver injury through the release of inflammatory cytokines, such as tumor necrosis factor (TNF)-α. 25 These studies suggest that KCs are activated by foreign stimuli and release a variety of bioactive mediators, which fulfill a crucial function in the response to liver injury. However, there have been few relevant reports addressing whether KCs can be activated to release these bioactive substances and mediate hepatic injury after phagocytosis of SiO 2 NPs, which is essential to understanding the mechanism underlying hepatotoxicity induced by SiO 2 NPs.
To explore the role of KCs in hepatic injury induced by SiO 2 NPs, we first analyzed the release of ROS, NO, and TNF-α by SiO 2 NP-stimulated KCs to investigate whether SiO 2 NPs can activate these cells. To demonstrate KC-mediated hepatotoxicity and to determine the underlying preliminary mechanism, we established a noncontact coculture model by treating Buffalo rat liver (BRL) cells with particle free supernatants of SiO 2 NPstimulated KCs. An in vivo study was then carried out to examine the response of KCs after exposure to SiO 2 NPs. Finally, clinical chemistry analysis and a 1 H nuclear magnetic resonance (NMR) partial least squares discriminant analysis (PLS-DA)-based integrated metabolomics approach were used to assess liver injury induced by SiO 2 NPs.
Materials and methods

Materials, characterization, and preparation
SiO 2 NPs at $99% purity were purchased from Sigma-Aldrich (St Louis, MO, USA). The average size of SiO 2 NPs was determined by transmission electron microscopy ([TEM] JEM-2010; JEOL Ltd, Tokyo, Japan). The characterization of size and zeta potential in RPMI 1640 medium (Life Technologies, Carlsbad, CA, USA) and physiological saline were performed using a Zetasizer 3000HS (Malvern Instruments Ltd, Malvern, UK) and laser diffraction particle size analyzer (LS230; Beckman Coulter, Inc, Brea, CA, USA), respectively. SiO 2 NPs were sterilized using ethylene oxide. In brief, after being weighed in clear tubes, SiO 2 NPs were sent to the disinfection department for sterilization using an ethylene oxide sterilizer (3M; St Paul, MN, USA). The ethylene oxide sterilization line involved three different stages: preconditioning, sterilizing, and degassing. The temperature for sterilization was 55°C. The relative humidity was 40%-80%. The concentration range of ethylene oxide was 450-1200 mg/L. The sterilization lasted for 18 hours.
For in vitro studies, SiO 2 NPs were suspended at concentrations of 50, 100, 200, 400, and 800 µg/mL in RPMI 1640 medium containing 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin (Life Technologies, Carlsbad, CA, USA). For in vivo studies, SiO 2 NPs were prepared at a concentration of 5 mg/mL in physiological saline. To produce a less aggregated and uniform suspension, all samples were sonicated for at least 20 minutes before use.
KCs preparation and treatment
KCs were isolated according to Tukov et al. 26 Briefly, the liver of a male Sprague Dawley (SD) rat was perfused in situ through the portal vein with liver perfusion medium (calcium-and magnesium-free Hank's buffer). After digestion, the filtrate was centrifuged to pellet hepatocytes. This centrifugation resulted in a hepatocyte enriched pellet and a nonparenchymal cell enriched supernatant. A Percoll gradient was prepared by carefully layering 12 mL of 25% Percoll solution on to 10 mL of 50% Percoll solution. The nonparenchymal cell fraction was layered onto the Percoll gradient. This assembly was centrifuged to separate the nonparenchymal cell fraction into distinct zones in the gradient. The KC-enriched fraction (the 50% Percoll layer) was aspirated into a clean tube and washed, and the pellet was resuspended in RPMI 1640 medium without serum. The viability of the isolated KCs was determined by trypan blue exclusion and was generally .95%. The cell concentration was adjusted to 1 × 10 6 viable cells/mL in a plastic culture flask for 20 minutes at 37°C in a humidified incubator. After this time, nonadherent cells were removed by replacing the culture medium with fresh complete culture medium. The purity of the KCs was determined by CD68 staining (AbD Serotec, Oxford, UK) with a flow cytometer (Becton Dickinson, San Jose, CA, USA). For the in vitro study, KCs were plated into a 6-well culture plate at a density of 1 × 10 5 cells/ mL and allowed to attach for 24 hours. 
Measurement of TNF-α and NO
After KCs were treated with SiO 2 NPs for 24 hours, the supernatants of KCs were collected. The levels of TNF-α were quantified using an ELISA kit (ExCell Bio, Shanghai, People's Republic of China) according to the manufacturer's instructions. The production of NO by KCs was measured using the Griess reagent (Beyotime Biotech Ltd), and the absorbance at 540 nm was recorded using a microplate reader.
Treatment of BRL cells
The BRL cell line was obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences in Shanghai, People's Republic of China. BRL cells were cultured in 96-well plates for cell viability assays or in 6-well plates for enzymatic analysis at a density of 5 × 10 4 cells/mL and allowed to attach for 24 hours. KCs were treated with suspensions of SiO 2 NPs at different concentrations for 24 hours, and then the supernatant was harvested and centrifuged at 10,000 rpm for 10 minutes. For the coculture study, the supernatant of SiO 2 NP-treated KCs was used to stimulate the BRL cells for 24 hours. BRL cells treated with the supernatant of KCs were used as the control.
BRL cell toxicity assay
BRL cell viability was determined using a Cell Counting Kit-8 assay (CCK-8; Beyotime Biotech Ltd), which assesses mitochondrial function by measuring the ability of viable cells to reduce CCK-8 into an orange formazan product.
In brief, after BRL cells were cocultured with the supernatant of KCs, the cells were incubated with CCK-8 for 2 hours, and the absorbance of the plate was read at 450 nm using a microplate reader.
Aspartate aminotransferase (AST) leakage in the cultured medium of BRL cells was measured using an automatic analyzer (COBAS INTEGRA 400 plus; Roche, Basel, Switzerland). Lactate dehydrogenase (LDH) in the medium was determined using a commercially available LDH ELISA kit (Jiancheng, Nanjing, People's Republic of China) according to the manufacturer's protocols, and the absorbance was measured at 450 nm using a microplate reader.
Qualitative observation of BRL cell morphology
After BRL cells were cocultured with the supernatant of KCs for 24 hours, BRL cells were washed with PBS and the cellular morphology observed by phase contrast inverted microscopy (200× magnification).
Animal procedures
The animal study was approved by the Animal Ethics Committee of Shanghai Jiaotong University (People's Republic of China). Twelve male SD rats weighing approximately 200 grams were purchased from Shanghai Laboratory Animal Center, Chinese Academy of Sciences ([SLACCAS] Shanghai, People's Republic of China). One week prior to the experiment, the rats were housed, in pairs, under controlled environmental conditions (23°C ± 0.5°C, 50% ± 5% humidity, illumination from 7 am to 7 pm). After an overnight fast, an intravenous injection (into the tail vein) of SiO 2 NPs was administered as a single dose of nanoparticle suspension at 50 mg/kg (n = 6), whereas the controls were given physiological saline (n = 6). The concentration we used was similar to the concentration used in a previously published study.
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At 48 hours postinjection, blood samples from the rats were collected and used for clinical biochemical analysis and hematology studies. Meanwhile, the left lateral lobe of the liver was removed and cut into two parts immediately after termination. One part was collected and used for histopathology and immunohistochemistry. The other part was snap frozen in liquid nitrogen and stored at −80°C until oxidative biomarkers and metabolomic analyses were performed.
Histopathology examination and immunohistochemistry
The liver samples were harvested and immediately fixed in a 10% formalin solution. Histopathology tests were performed submit your manuscript | www.dovepress.com Dovepress Dovepress using standard laboratory procedures. Briefly, the livers were embedded in paraffin blocks, sectioned into 5 µm slices, and then mounted onto glass slides. After hematoxylin-eosin staining, the histopathological reaction of the liver was evaluated using an optical microscope.
CD68 was detected in paraffin-embedded liver sections by immunohistochemistry. For immunohistochemistry, sections were mounted on silanized slides, deparaffinized, and rehydrated. After the endogenous peroxidase activity was quenched, the slides were placed in citrate buffer solution for antigen retrieval, blocked with normal goat serum, and incubated overnight at 4°C with a primary antibody (AbD Serotec). Immunoreactive complexes were detected using an avidin-biotin affinity system and visualized with the chromogen 3,30-diaminobenzidine tetrahydrochloride. Sections were counterstained with Mayer's hematoxylin and examined microscopically. CD68 positive KCs were counted in ten randomly selected fields for each stained liver section using a light microscope (500× magnification).
Oxidative stress related biomarker assay
The livers from each group were weighed, and cold protein lysis buffer was added at a ratio of 1:9 (w/v). The mixtures were homogenized at 4°C using an ultrasonic cell disruptor (Sonics Vibra Cell VCX105, Sonics Vibra Cell VCX105, Branson, MO, USA). The solution was then centrifuged at 12,000 rpm at 4°C for 15 minutes. The supernatants were collected for oxidative biomarker analysis. The activities of glutathione (GSH) and superoxide dismutase (SOD), and the levels of hydrogen peroxide (H 2 O 2 ) and malondialdehyde (MDA) in the liver extracts were examined. All commercial colorimetric assay kits were purchased from Beyotime Biotech Ltd, and the assays were performed according to manufacturers' instructions. Protein concentrations were determined using the bicinchoninic acid method.
Clinical chemistry and hematology analysis
Standard spectrophotometric methods of a Cobas Integra 400 plus Automatic Biochemistry Analyzer (Roche) were used for the measurement of the following serum para meters: alanine aminotransferase, AST, alkaline phosphatase, total bile acid, blood urea nitrogen, cholesterol, triglyceride, uric acid, creatine kinase, high-density lipoprotein, and low-density lipoprotein. Hematological parameters consisting of white blood cell count (WBC), neutrophils (NEU), lymphocytes (LYM), monocytes (MONO), erythrocytes, hemoglobin, and platelet count were determined using a hematological autoanalyzer (Coulter T540 hematology system; Beckman Coulter, Inc). The TNF-α level in sera was measured using an ELISA kit.
H NMR spectroscopic analysis of liver tissue extracts
Samples of liver tissue (250 mg) were homogenized in 2 mL of 50% acetonitrile in an ice water bath. The homogenates were centrifuged at 5070 g for 15 minutes at 4°C. The supernatants were removed and lyophilized before being reconstituted in 500 µL of D 2 O containing 1 mM 3-(trimethylsilyl) [2,2,3,3-2H4] propionate. 1 H NMR spectra were acquired for each sample at 500 MHz on a Bruker Avance III spectrometer (Bruker Corporation, Billerica, MA, USA) at ambient probe temperature. To explore the metabolic information embedded in NMR spectra, all 1D FIDs were multiplied by an exponential function of a 0.3 Hz line-broadening factor prior to Fourier transformation. The chemical shifts were referenced to the methyl group of sodium trimethylsilylpropionate (TSP) at δ 0.000. The integrals were normalized by the sum of the spectral intensity to compensate for differences in sample concentrations. PLS-DA was applied for the classification of NMR data.
Statistical analysis
Data were expressed as the mean ± standard deviation. Statistical analyses were performed using SPSS software (v 12.0; IBM Corporation, Armonk, NY, USA), and statistical comparisons were analyzed using the t-test and one-way ANOVA followed by Tukey's Honestly Significant Difference (HSD) post hoc test. Differences were considered statistically significant when P , 0.05.
Results
Characterization of SiO 2 NPs
SiO 2 NPs used in this study were near-spherical, nonporous, and unmodified ( Figure 1 ). The average size of SiO 2 NPs measured by TEM was 15 nm. Since nanoparticles often agglomerates in solution, the sizes of SiO 2 NPs and their agglomerates in RPMI 1640 medium and physiological saline were estimated using dynamic light scattering. The results showed that the agglomeration of SiO 2 NPs was 92 nm in cell culture medium and 156 nm in physiological saline, which was nearly 6 to 10 times larger than the primary particle size. The values of the zeta potential were −8.5 ± 1.1 mV and −11.1 ± 1.3 mV in cell culture medium and physiological saline, respectively.
Effects of SiO 2 NPs on KCs
The ability of SiO 2 NPs to induce intracellular oxidant production in KCs was assessed using 20,70-dichlorofluosubmit your manuscript | www.dovepress.com Dovepress Dovepress rescein (DCF) fluorescence as a reporter of ROS generation. Figure 2A shows that SiO 2 NPs resulted in a dose-dependent increase in intracellular ROS in the concentration range of 100-800 µg/mL (P , 0.05). In addition, H 2 O 2 in the supernatant was measured as extracellular oxidant production. As shown in Figure 2B , SiO 2 NPs induced a dose-dependent release of H 2 O 2 into the supernatant of KCs.
KCs were stimulated with SiO 2 NPs for 24 hours, and secreted TNF-α was measured in cell culture supernatants. The ELISA results ( Figure 2C ) demonstrated that the secretion of TNF-α by KCs significantly increased at the concentrations of 400 µg/mL and 800 µg/mL (P , 0.01). NO released into the supernatant of KCs was measured by the Griess reaction. As shown in Figure 2D , SiO 2 NP-stimulated KCs produced a dose-dependent increase in NO secretion in the concentration range of 200-800 µg/mL (P , 0.05).
KC-mediated cytotoxicity in BRL cells
After coculture in the supernatant of KCs, the viability of BRL cells was determined by CCK-8. As shown in Figure 3A , the supernatants of the KCs stimulated by SiO 2 NPs in the concentration range of 100-800 µg/mL reduced the cellular viability of BRL cells (P , 0.05). In addition, the LDH and AST levels in the culture medium of BRL cells were measured. LDH levels significantly increased when BRL cells were treated with the supernatants of SiO 2 NP-stimulated KCs ( Figure 3B ). AST levels were enhanced only when BRL cells were exposed to the supernatants of KCs that were treated with SiO 2 NPs at the concentrations of 400 µg/mL and 800 µg/mL (P , 0.05) ( Figure 3C ).
Morphological characterization of BRL cells
After coculture in the supernatant of KCs, morphological changes of BRL cells were examined using phase contrast inverted microscopy. Figure 4A shows the morphology of control cells. At the low concentration of SiO 2 NPs (50 µg/mL), the cells appear similar to control cells ( Figure 4B ). With increasing condensation of SiO 2 NPs (100-800 µg/mL), BRL cells started to shrink and became irregular in shape after coculture in the supernatant of KCs (Figure 4C-F) .
Histopathology examination and immunohistochemistry of the liver
The liver histopathological pictures are illustrated in Figure  5A -C. Compared with the control (Figure 5A ), SiO2 NPs induced inflammatory cell infiltration at the portal area in the liver ( Figure 5B and C) . In addition, CD68, a KC-specific marker, was used to monitor KC activation. Compared with the control (Figure 5D ), CD68-positive KCs became prominent and increased in number after the administration of SiO2 NPs ( Figure 5E and F). KCs were counted in the liver sections ( Figure 5G ). In the control rat, the mean number of KCs was approximately seven cells/field. After exposure to SiO 2 NPs for 48 hours, the number of KCs increased to 15 cells/field.
Oxidative damage in the liver
The measurements of H 2 O 2 , GSH, SOD, and MDA levels in the liver are presented in Figure 6 . When compared with the control, the liver exhibited a decrease in GSH activity and an elevation in MDA levels after the administration of SiO 2 NPs (P , 0.05), while there were no obvious changes in the H 2 O 2 and SOD levels.
Clinical chemistry and hematology analysis
Significant changes in the serum clinical biochemistry parameters were observed after the administration of SiO 2 NPs (Table 1) . When compared with the control group, AST, total bile acid, blood urea nitrogen, cholesterol, and low-density lipoprotein levels were increased in the SiO 2 NP group, whereas the triglyceride level was reduced. The hematology analysis (Table 2) showed that WBC, LYM, MONO, and NEU were increased, whereas the platelet count 1 H NMR spectra of the liver tissue extracts after SiO 2 NPs administration are shown in Figure 7A . PLS-DA was applied for the classification of the NMR data. The score plots on the first two latent variables (LVs) of the 1 H NMR spectra from the control samples and the SiO 2 NP-treated samples are shown in Figure 7B . The corresponding loading plot ( Figure 7C ) revealed the metabolites contributing to these differences. Following treatment with SiO 2 NPs, increases in the levels of lactate, phosphorylcholine, sn-glycero-3-phosphocholine, tyrosine, phenylalanine, and lysine were detected together with decreases in the levels in succinate, glucose, and glycine. Detailed analysis of the loading plot indicated variations in the endogenous metabolites, which are summarized in Table 3 .
Discussion
Recent studies have shown that SiO 2 NPs can induce cytotoxicity and oxidative stress in hepatocytes. 13, 14 In addition to hepatocytes, there are nonparenchymal cells in the liver, such as KCs. KCs are resident macrophages and play an important role in the defense against invading particles via phagocytosis. 26, 27 Some studies have described KCs as the primary responders to a toxicant where the released molecules are considered mediators of subsequent hepatic damage. 28, 29 However, few relevant reports have addressed the role of KCs in hepatic toxicity induced by SiO 2 NPs. In this study, we demonstrated that SiO 2 NPs activate KCs to mediate hepatic injury in vitro and in vivo, which might KCs can be activated by foreign stimuli, and the activated KCs play a major role in the initiation and maintenance of liver damage via the production of bioactive substances. ROS and proinflammatory cytokines are thought to be the immediate responses of KCs to a stimulus. 30, 31 To determine whether SiO 2 NPs could activate KCs to release these substances, we treated KCs with SiO 2 NPs. The results showed that SiO 2 NPs induced increases in ROS formation in KCs (Figure 2A) , which indicated that KCs were activated. Whether activated KCs can affect hepatocytes partly depends on whether the increased ROS can be released from these cells. Furthermore, we found that the level of H 2 O 2 in the supernatants of KCs was significantly increased after exposure to SiO 2 NPs (Figure 2B ), which demonstrated that intracellular ROS are able to diffuse throughout these cells. In addition, our results revealed that KCs were stimulated by SiO 2 NPs to release TNF-α and NO ( Figure 2C and D) . These bioactive mediators may have harmful effects on hepatocytes.
To examine the hypothesis that activated KCs mediate hepatic injury, we established a noncontact coculture model using the supernatants of SiO 2 NP-stimulated KCs to culture BRL cells. In addition to the morphological changes (Figure 4) , we also observed that the viability of BRL cells was reduced, and leakage of LDH and AST increased (Figure 3 ). LDH and AST are relatively stable enzymes in BRL cells, thus their leakage from the intracellular compartment of hepatocytes into the extracellular space indicates that plasma membrane disruption and hepatocyte damage have occurred. 32, 33 In this study, the elevated levels of these enzymes in the supernatants of BRL cells may be correlated with the increased release of ROS, TNF-α, and NO by activated KCs, as previously mentioned. Studies have demonstrated that ROS are capable of causing oxidative damage to major cellular structures, in particular the mitochondria and the plasma membrane. 34, 35 NO has been reported to downregulate cytochrome P450 and to suppress liver protein and DNA synthesis, and these activities may contribute to hepatotoxicity. 36 Additionally, TNF-α, a potent inflammatory cytokine produced by activated KCs, can induce multiple mechanisms to initiate apoptosis in hepatocytes that leads to hepatic injury. 37 These data suggest that KCs activated by SiO 2 NPs mediate hepatotoxicity and that the preliminary mechanism might occur through the release of ROS, TNF-α, and NO.
An in vivo analysis was carried out to determine whether SiO 2 NPs activate KCs and induce liver injury. The results showed that the number of sinusoidal KCs increased after administration of SiO 2 NPs ( Figure 5E and F) , which indicated that SiO 2 NPs activated the phagocytic activity of sinusoidal cells by increasing the number of KCs to help remove accumulating nanoparticles. 38 The observed hyperplasia and activation of KCs could also lead to the increased formation of bioactive mediators contributing to hepatic injury, such as ROS, TNF-α, and NO, which we demonstrated in the in vitro study. Additionally, we observed infiltration of inflammatory cells into the liver and increases in the serum levels of WBC, LYM, MONO, NEU, and TNF-α, which suggests that SiO 2 NPs may induce inflammation. Aderem 39 reported that inflammation may result from the internalization of nanoparticles into macrophages and the subsequent activation of these macrophages. Because KCs can phagocytose SiO 2 NPs and become activated, we deduced that KCs played a critical role in the inflammation that we observed. There is In this study, we found that SiO 2 NPs caused oxidative stress in the liver, with a decrease in GSH activity and an elevation in MDA levels. Oxidative stress has been suggested to play an important role in the mechanisms of toxicity for a number of nanoparticles. 43, 44 In addition to the direct oxidative stress in hepatocytes induced by SiO 2 NPs, 13,14 the activated KCs and recruited inflammatory cells mediated oxidative damage.
We also investigated the biochemical variation in the serum and liver to determine the hepatic injury induced by SiO 2 NPs. In agreement with our in vitro results, the level of AST in the serum was raised after the administration of SiO 2 NPs. In the liver, the decrease in glucose levels and increase in lactate levels coupled with the alteration in succinate levels might reflect the effect of SiO 2 NPs on glycolysis and the mitochondrial Krebs cycle. 41 Phosphorylcholine and sn-glycero-3-phosphocholine are constituents of cell membranes and, thus, increased levels might be associated with the disruption of cellular membranes. 42 Another metabolic consequence of liver injury was that treatment with SiO 2 NPs resulted in the perturbation of amino acid metabolism, such as increased levels of threonine, phenylalanine, and lysine and a decrease in the level of glycine. 
Conclusion
Our results demonstrated that KCs can be activated by SiO 2 NPs and release bioactive mediators, such as ROS, TNF-α, and NO, which subsequently contributes to hepatotoxicity. Our in vivo study indicated that SiO 2 NPs cause KC hyperplasia, hepatic inflammation, and oxidative stress, which lead to changes in the biochemical composition of the liver. These data suggest that activated KCs mediate the hepatic injury induced by SiO 2 NPs. In the future, additional studies are needed to clarify whether other cell types in the liver, such as endothelial cells or hepatic stellate cells, are involved in hepatic injury induced by nanoparticles. 
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